Threonine deaminase (L-threonine dehydratase EC 4.2.1.16) has been partially purified from a new extreme thermophilic bacterium, Thermus X-1, which is similar to T. aquaticus YT-1. The threonine deaminase of strain X-1 has a maximal rate of reaction at 85 to 90 C and is more thermostable than the threonine deaminase from mesophilic bacteria. The enzyme has an apparent molecular weight of 100,000 to 115,000, a Km for L-threonine of 14 mM, a pH optimum of 8.0, and like other threonine deaminases also catalyzes the deamination of serine. However the Thermus X-1 threonine deaminase does not show a strong feedback inhibition by isoleucine. It is suggested that the regulation of the biosynthesis of isoleucine in this extreme theromophile may resemble that reported in Rodospirillum rubrum.
In 1970 Ramaley and Hixson (19) reported the isolation of an extreme thermophilic, gramnegative bacterium (X-1) that resembled Thermus aquaticus YT-1 (2) but lacked the major carotenoid pigment and slime of the T. aquaticus. The absence of the slime in the X-1 isolate has facilitated the study of enzymes from this bacterium, and the present report concerns the purification and properties of the X-1 threonine deaminase.
Threonine deaminase (threonine dehydratase, EC 4.2.1.16) was chosen for study because of its historical interest as a regulatory enzyme (24, 27) and because it had been reported to be quite labile when isolated from mesophilic bacteria (4, 16, 17) . Thus, it was of interest to examine this enzyme from an extreme thermophilic bacterium to test the utility of these organisms as a source of enzymes of greater stability (8) in addition to gaining a greater insight into the comparative biochemistry of extreme thermophiles.
MATERIALS AND METHODS
Growth of the X-1 isolate for threonine deaminase purification. The X-1 isolate was grown at 70 C in a 190-liter industrial fermenter (Butler Manu- 1 Present address: Department of Biological Sciences, Purdue University, West Lafayette, Ind. 47907.
'Present address: Department of Biochemistry, University of Nebraska Medical Center, Omaha, Neb. 68105. facturing Co., St. Paul, Minn.) in a yeast extract, 0.3% (wt/vol); tryptone, 0.3% (wt/vol); Castenholz salts medium adjusted to pH 7.8 with sodium hydroxide (19) . The cultures were grown with vigorous agitation and aeration (5 ft8 air/min) and harvested in the mid or late exponential phase of growth. The cultures were rapidly cooled to 10 C, and the cells were harvested by centrifugation with a continuousflow CEPA industrial centrifuge (model 61-G) (obtained from Chemapec Inc. Hoboken, N.J.). The cells were suspended in 0.05 M potassium phosphate (pH 7.2), centrifuged again, and stored at -20 C.
Assay for threonine deaminase activity. Threonine deaminase activity was determined by the measurement of the formation of a-ketobutyrate from L-threonine by using the procedure of Friedmann and Haugen (12) as modified by Hatfield and Umbarger (15) . The assay incubation mixture for the X-1 threonine deaminase contained in a total volume of 1.0 ml: 1 Amol of potassium phosphate (pH 8.0), 10
Ag of pyridoxal phosphate, and 40 jAmol of L-threonine, enzyme, water. The mixture was incubated for 15 min at 70 C in a water bath, and the reaction was terminated by immersing the reaction tubes in an ice-water bath and adding 1.0 ml of 10% (wt/vol) trichloroacetic acid. The reaction tubes were equilibrated to 25 C and 3.0 ml of 0.025% (wt/vol) 2, 4-dinitrophenylhydrazine in 0.5 N HCl was added to each tube. After 15 min, 1.0 ml of 40% (wt/vol) potassium hydroxide was added to each tube, and THREONINE DEAMINASE One unit of X-1 threonine deaminase activity is defined as the amount of enzyme required to produce 1.0 pmol of a-ketobutyrate per ml per hour at 70 C in the standard reaction mixture. The specific activity is the number of enzyme units per milligram of protein. Protein was determined by the method of Lowry, et al. (18) with bovine serum albumin as a standard.
Purification of the X-l threonine deaminase in the absence of stablizig buffer (procedure A). Samples (150 to 300 g) of frozen cell paste were thawed and suspended in an equal volume of 0.05 M potassium phosphate (pH 7.2) containing 0.005 M MgCl, and 1 &g of deoxyribonuclease per ml (Sigma DN-C). The cells were disrupted by passage through a chilled French pressure cell (American Instrument Co.) at 16,000 lb/in2. The cell extract was centrifuged at 35,000 x g for 30 min at 2 C (Sorvall centrifuge) and the pellet was discarded. The supernatant fraction was then centrifuged at 81,000 x g for 120 min at 4 C (Spinco centrifuge) and that pellet also was discarded.
Solid ammonium sulfate (enzyme grade) was added to the supematant fraction in 10% saturation steps at 0 C with constant stirring. Thirty minutes after each addition, the precipitate was removed by centrifugation (23,500 x g for 10 min). The pH was maintained at 7.2 to 7.5 during the addition of the ammonium sulfate by the addition of 50% (vol/vol) ammonium hydroxide as required. (pH was measured on a %o dilution of the supernatant fraction.) The precipitated fractions were dissolved in a minimal volume of 0.01 KCl in 0.05 M potassium phosphate (pH 7.2) and dialyzed overnight against 4 liters of the same buffer.
The 40 to 60% saturated ammonium sulfate fractions were found to have the highest specific activities and were adsorbed onto a column The fractions containing the majority of the threonine deaminase activity were pooled, concentrated by Lyphogel treatment, and dialyzed overnight against 0.5 mM potassium phosphate (pH 7.2) and 0.05 M KCl. The enzyme was applied to a column (3 by 50 cm) of Brushite (21) pre-equilibrated with the same buffer. The enzyme was eluted at 6 C with a 3-liter gradient of potassium phosphate (pH 7.2) in the above buffer. The threonine deaminase eluted at a phosphate concentration of 0.20 M.
The fractions containing the majority of the threonine deaminase activity were pooled, dialyzed overnight against 4 Purification of the X-l threonine deaminase in the presence of stabilizing buffer (procedure B). The purification procedure was the same as described above except that 10-' M pyridoxal-5'-phosphate and 10-' M 2-mercaptoethanol were included in all the buffers (16) , and acetone fractionation was used in place of the ammonium sulfate fractionation described above.
Acetone (-70 C) was added dropwise to the cell-free extract (maintained at -20 C after sufficient acetone had been added), and precipitates were removed at intervals by centrifugation (23,500 x g for 10 min at -20 C). The precipitates were suspended in a minimal volume of stabilizing buffer (with 0.02 M potassium phosphate, pH 7.2) and dialyzed overnight against 4 liters of the same buffer. The fractions with the highest specific activity (56-67% vol/vol) were pooled and applied to the DEAE-cellulose column described in procedure A.
Measurement of salt concentration in gradients. The salt concentration of the elution gradients used for column chromatography was determined by its conductivity on Radiometer conductivity meter type CDM 2d (The London Co.). Standard curves were prepared from conductivity measurements of appropriate salt dilutions.
Disk-gel electrophoresis. Disk-gel electrophoresis was performed in a Canalco model 66 apparatus at room temperature with 9-cm gel tubes and 3 mA per tube. The compositions of the gel and of the electrolyte solutions were as specified by Reisfeld (20) .
The threonine deaminase activity stain of Feldberg and Datta (10) was used except that 7.0% polyacrylamide gels and an incubation temperature of 70 C were substituted.
Determination of estimated molecular weight by Sephdex G-200 gel filtration. Purified threonine deaminase (0.5 mg) was applied to a column (2.5 by 35 cm) of Sephadex G-200 in 1 ml of 0.05 M potassium phosphate buffer (pH 7.2)-0.05 M KCl and eluted with the same buffer. The Sephadex G-200 was prepared in the phosphate-KCl buffer, the fine particles were removed and the column was precalibrated with 5 mg of aldolase, bovine albumin, ovalbumin, chymotrypsinogen A, and ribonuclease added separately.
Chemicals. DEAE-cellulose DE23 was purchased from Reeve Angel Company. Sephadex G-200, DEAE-Sephadex were purchased from Pharmacia Fine Chemicals. Aldolase, ovalbumin, chymotrysinogen A, and ribonuclease were purchased from Worthington Biochemical Corp. Lyphogel was obtained from the Gelman Co. Brushite (a form of calcium phosphate) was prepared by the method of Siegelman et al. (21) and fine particles were removed by settling. Enzyme grade ammonium sulfate was obtained from Mann Research Laboratory. Tris(hydroxymethyl)aminomethane(Tris), N-2-hydroxyethylpiperazine propane sulfonid acid (HEPES), and N, N-bis(2-hydroxyethyl)glycine (bicine) were obtained from Sigma Chemical Co. All other materials used were of the highest purity commercially available. The purified enzyme also catalyzes the deamination of serine and Table 2 shows the comparison of the rates of threonine/serine deamination during purification and removal of serine dehydrase. The purified enzyme catalyzed the deamination of threonine about three times faster than the deamination of serine. The most purified enzyme preparations showed additional protein bands to the major protein band that comigrated with the threonine deaminase activity detected by the activity staining procedure of Feldberg and Datta (9) , indicating that the enzyme preparation is not homogeneous.
Stability of purified X-1 threonine deaminase. The purified threonine deaminase has a half-life of about 4 weeks when stored as a dilute protein solution (0.06 mg/ml) in 0.05 M potassium phosphate (pH 7.2) or 10 weeks when stored as a freeze-dried powder. The X-1 threonine deaminase is much more stable in less purified preparation stored at either 25, 0, or -20 C at protein concentrations of 10 mg/ml. The threonine deaminase of frozen cells is fully stable for one year.
Maximal temperature for the X-1 threonine deaminase catalyzed reaction. Figure 1 shows the a-ketobutyrate formed at the indicated temperatures as a function of time with 40 mM potassium phosphate (pH 8.0) and the standard reaction components. Figure 2 shows the data for the 10-min incubation times plotted as a function of the incubation temperature and indicates that the maximal reaction rate occurs at 85 to 90 C for the purified enzyme. Thermal stability of the purified X-1 threonine deaminase. Figure 3 shows the percentage of activity remaining after incubation of purified X-1 threonine deaminase at the indicated temperatures as a function of the time of incubation. There was 85% activity remaining after 1 h at 70 C and rapid inactivation of the purified enzyme at 90 C and above.
Effect of pH on the enzymatic rate of reaction. Figure 4 shows the rate of the X-1 threonine deaminase catalyzed reaction at the indicated pH for five different buffers. The data are shown both for the initial pH of the buffer prepared at 25 C (A) and corrected for the decrease in pH as a result of increasing the buffer temperature from 25 C to the enzymatic reaction temperature of 70 C. The reported amount of pH change was experimentally checked for each buffer (13) by equilibrating a combination glass electrode at 70 C and directly determining the pH at 70 C. Figure 4 shows that there was an appreciably higher enzymatic activity with HEPES, N-2-hydroxyethylpiperazine -N' -2 -ethanesulfonic acid (EPPS), or bicine buffers than was observed with either phosphate or Tris. However, since phosphate has such a small change in pH as a function of temperature it has been used as the buffer for the other studies reported. Figure 4 also shows that with the exception of Tris, the maximal X-1 threonine deaminase activity was observed at pH of 8.0 when corrected for the assay temperature of 70 C. 10 Km for L-threonine. Figure 5 shows activity. We have examined the effect of isoleucine on X-1 threonine deaminase activity under a number of conditions of buffer, pH, temperature, and substrate concentration and have observed only very slight (10%) effects for both the apparent activation of the X-1 threonine deaminase by low concentrations of isoleucine (0.1 mM) with 10 mM threonine and inhibition of threonine deaminase activity with high concentrations of isoleucine (10 mM). Thus, there is no evidence at this time for any significant homotropic or heterotropic activation or inhibition for the X-1 threonine deaminase.
Effect of pyridoxal 5'-phosphate on the apparent molecular weight of the X-1 threonine deaminase. The apparent molecular weight of the purified X-1 threonine deaminase prepared by procedure A or B is 100,000 to 115,000 as determined by Sephadex G-200 gel filtration. However, if X-1 cells are disrupted in the stabilizing buffer and the cell-free extract is applied to a Sephadex G-200 column, preequilibrated with the stabilizing buffer, the major portion of the threonine deaminase appears to have a molecular weight of 200,000. However, we have not been able to observe this same phenomenon with purified enzyme, suggesting the possibility of loss of regulatory properties during purification, although we have not observed any isoleucine inhibition of the threonine deaminase in cell-free extracts.
DISCUSSION
The X-1 threonine deaminase was purified in the absence and presence of stabilizing buffer in order to examine any differences in the resulting purified enzyme since we had observed that cell-free extracts of X-1 prepared in the presence of stabilizing buffer gave an increased molecular weight for the threonine deaminase on Sephadex G-200 gel filtration. However, no such effect could be demonstrated for the purified X-1 threonine deaminase as has been reported for threonine deaminases from other sources (15) . The X-1 threonine deaminase will also use serine for a substrate as has been reported for other threonine deaminases (10, 14, 17, 23) and has a pH optimum (pH 8) similar to other threonine deaminases (14) .
The X-1 threonine is relatively thermostable as might be anticipated since it was purified from an extremely thermophilic bacteria with an optimum growth temperature of 70 C (19) . Not only does this permit the enzyme to catalyze its enzymatic reaction at a high "optimum temperature" (90 C), but it also appears to be more stable during purification and storage. This has been found to be true of other enzymes that have been examined from these extreme thermophiles (11, 28) (R. Ramaley, Bacteriol. Proc., p. 125, 1970). However, while the X-1 threonine deaminase is more stable than the threonine deaminases from mesophilic bacteria, it is not as stable as other enzymes of the X-1 isolate. For example, purified nicotinamide adenine dinucleotide phosphate isocitric dehydrogenase of the X-1 isolate shows very little loss in activity upon storage for 1 year at -20 C as compared to the 4-week half-life of threonine deaminase.
The other major difference found with the X-1 threonine deaminase is the lack of effect of isoleucine on the activity of the X-1 threonine deaminase. In this regard Brock put forward a hypothesis in 1969 (1) that "it is possible that induced fit and allosteric interactions between proteins and small molecules require a certain flexibility of structure with a highly cross linked, rigid and hence heat stable protein-(Thus)-Thermophiles may have sacrificed efficiency and control of enzyme function in order to grow at high temperature."
Although the structural basis of the thermostability of enzymes from thermophiles has been reexamined and cannot be presently attributed to any particular property of these enzymes (22) the work of Thomas and Kuramitsu (23) with the threonine deaminase of Bacillus stearothermophilus is of special interest. They have demonstrated that the threonine deaminase of this thermophile is sensitive to isoleucine inhibition and that its sensitivity decreased as the temperature of the enzyme reaction mixture increased. Thus, a number of additional possible regulatory enzymes of these new extreme thermophilic bacteria like the X-1 isolate and T. aquaticus will have to be examined before any general conclusions can be drawn about the relative decreased level of allosteric regulation in these new thermophilic microorganisms.
The control of the biosynthesis of isoleucine in Thermus X-1 may be like that for Rhodopseudomonas spheroides (5) or Rhodospirillum rubrum (10). Not only is the level of threonine deaminase in cell-free extracts of these organisms comparable to the level of threonine deaminase in Thermus X-1, in contrast to the much higher levels in E. coli (7), S. typhimurium (3) , B. licheniformis (17) , B. subtilis (16) , or B. stearothermophilus (23) , but also the purified enzyme of R. rubrum shows relative insensitivity toward isoleucine inhibition. Datta (6) has concluded that che R. rubrum threonine deaminase is not a focal control point for the regulation of isoleucine biosynthesis and he suggests that R. rubrum controls isoleucine biosynthesis via compensatory feedback inhibition of aspartokinase in vivo since the inhibition of growth of R. rubrum produced by 3.3 x 10-4 M threonine is overcome by 3.3 x 10-' M isoleucine. A similar phenomenon has been observed with the X-1 isolate. Thus, study of the regulation of the biosynthesis of the aspartate family amino acid should be most interesting.
